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NASA TT F-11,666 

THE RESONANCE PROBE 

D. Lepechinsky, A .  Messiaen, P. Rolland 

ABSTRACT. The experimental findings of the 
report indicate satisfactory agreement with the theo- 
retical expectations of Messiaen [141, Lepechinsky [16], 
and Rolland [171 concerning electron density as fur- 
nished by antiresonance, the thickness of the sheaths, 
and even the frequency of "neutral electron" collisions. 
The simplified theory of the authors is based on hydro- 
dynamic equations with-adequate limit conditions and 
accounts well for the essential phenomena observed. 
This holds true also for other problems of resonance 
of the same kind [lo, 28, 291, provided conditions are 
such that non-collision damping is not destroyed by 
resonance which is certainly not random as stated re- 
cently in [ 3 0 ] .  Experimentation to determine the lim- 
its of application of the simplified theory and to 
measure non-collisional effects is under way. 

1. Introduction 

The method of the resonance probe consists in superposing 
a variable h-f voltage Q 0  of frequency u/2~ on the direct volt- 
age Vo applied to the classical Langmuir probe. The curvature 
of the characteristic I (V) produces rectification which in- 
creases the direct current of the probe by a quantity &Icc as 
a function of the h-f frequency. 
maximum for a given angular frequency WR from which we can de- 
duce certain characteristics of the plasma. The principal 
stages of the investigation of the h-f probe were as follows 
below. 

The increase &Icc shows a 

Resonance was observed for the first time in 1960 by Taka- 
yama, Ikegami, and Miyasaki [l]. The theoretical study of 
Ichikawa and Ikegami 121, published in 1962, was based on an 
infinite-plane geometry where the sheath was neglected. In 
such a geometry, it was shown to be necessary to introduce a 
certain arbitrary length L of the penetration of the h-f field 
in the plasma. The model without sheath shows resonance at 
the plasma frequency up which seemed confirmed by the work of 
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Cairns  [31 i n  1963. T h i s  conclusion began t o  appear d o u b t f u l  
a f t e r  1963 from t h o  i n v e s t i g a t i o n s  of P e t e r ,  Muller ,  and Rab- 
ben [ 4 1 ,  Mayer [51, and W i m m e l  [61. I t  appeared t h a t  t h e  i o n  
shea th  p l ays  an e s sen t i a l  r o l e  which r e s u l t s  i n  a resonance 
frequency WR .< u p .  

a r b i t r a r y  l e n g t h  L would have been t o  select a model w i t h  a 
geometry f o r  which f i e l d  and p o t e n t i a l s  could e f f e c t i v e l y  be 
c a l c u l a t e d .  This  w a s  t h e  case of a model i n v e s t i g a t e d  by 
Vazdenplas and Gould [7,81 i n  1961 .  The iaodel p re sen ted  char-  
acter is t ics  analogous t o  t h o s e  of t h e  probe and w a s  c o n s t i t u t e d  
by a p l ane  c a p a c i t o r  of which a p a r t  of  t h e  d i e l e c t r i c  w a s  
formed by a s e c t i o n  of plasma. 
of W R <  up and f u r t h e r  an  antiresonance frequency WA = up.* 
conclus ions  of  Vandenplas and Gould [7,8]  w e r e  exper imenta l ly  
confirmed i n  [10,111. Mayer [5] u t i l i z e d  t h i s  model f o r  qua l -  
i t a t i v e  exp lana t ion  of t h e  a u t h o r ' s  exper imenta l  f i n d i n g s ,  a l -  
though ob ta ined  w i t h  a p lane  probe and consequent ly  a r a t h e r  
d i f f e r e n t  geometry. I n  1 9 6 4 ,  Harp and Crawford [121 c a r r i e d  
o u t  a q u a l i t a t i v e  s tudy  of t h e  er ica1 probe i n  which t h e  
numerical  d a t a  of Pavkovich and Kino [13] concerning t h e  pene- 
t r a t i o n  of  a h-f f i e l d  i n  a plasma l i m i t e d  by an i n f i n i t e  p l ane  
w e r e  adapted t o  t h e  s p h e r i c a l  case by t h e  i n t r o d u c t i o n  of a 
c o r r e c t i o n  f a c t o r  provid ing  f o r  dec rease  o f  t h e  h-f f i e l d  i n  
l/r2. 
e s t i m a t e d  as SA ( A  = Debye s h i e l d i n g  d i s t a n c e )  and t h e  a n t i -  
resonance phenomenon does n o t  appear e x p l i c i t l y .  

The only  p o s s i b i l i t y  of avoiding t h e  i n t r o d u c t i o n  of t h e  

/4 I t  had a resonance frequency 
The 

I n  t h i s  s t u d y ,  t h e  t h i c k n e s s  of t h e  shea th  i s  a r b i t r a r i l y  

The theory  proposed i n  1 9 6 4  by Messiaen [141 i s  based on 
t h e  r e s o l u t i o n  of  a problem with adequate  l i m i t  cond i t ions  f o r  
t h e  r e s o n a t o r  c o n s t i t u t e d  by t h e  probe,  t h e  shea th  and t h e  plasma. 
N o  a r b i t r a r y  parameter i s  introduced and t h e  s h e a t h  i s  e s t ima ted  
from t h e  s o l u t i o n  of t h e  s t a t i c  problem [151. 

Th i s  method i s  i n  p r i n c i p l e  a p p l i c a b l e  t o  any probe geom- 
e t r y  fo r  which t h e  s o l u t i o n  o f  t h e  Laplace equat ion  i s  c a n c e l l e d  
i n  t h e  i n f i n i t e  and t o  t h e  e x t e n t  where t h e  dimensions of t h e  
probe are s m a l l  i n  r ega rd  t o  t h e  wavelength i n  vacuum. This  
t h e o r y  t o g e t h e r  w i t h  i t s  extens ions  and l i m i t s  [16,171, i s  sum- 
m a r i z e d  i n  Sec t ion  2 .  

- /5 The exper imenta l  f i n d i n g s  on resonance obta ined  by o t h e r  
l a b o r a t o r i e s  [12, 1 8 ,  1 9 3  agree q u a l i t a t i v e l y  wi th  o u r  t h e o r e t i -  

*It appeared a l so  t h a t  t h e  p r i n c i p a l  c h a r a c t e r i s t i c s  of t h i s  
system are very  l i t t l e  modified by t h e  e l e c t r o n  tempera ture .  The 

which i s  observed when v/w is  small [ l o ] .  
l a t t e r  g i v e s  rise t o  a subs id i a ry  resonance spectrum f o r  w > w p  0, 



cal expectations. We present here a quantitative comparison of 
these expectations with our experimental results regarding reso- 
nance, antiresonance, electron density, Debye shielding distance, 
thickness of the sheath, and the frequency of collisions. 

The effect of transit time in the sheath and non-collision 
damping which were investigated in [17] are capable of greatly 
affecting the amplitude of resonance and an experimental inves- 
tigation of these effects is under way. 

2. Theory of the Spherical Resonance Probe 

Let us consider a metallic body submerged in an infinite 
plasma and brought to a continuous potential V0< o in relation 
to the plasma potential. This potential and the geometric form 
of the probe determine the distribution of electron density of 
the near environment of the probe in view of the appearance of 
an ion sheet separating the probe from the non-disturbed plasma. 
Let us further consider the effect of a h-f voltage Q0 (such 
that Icp0l < < I V o I  ) additionally applied to the probe by limiting 
,ourselves to the case where the frequency of the h-f signal is 
such that the wavelength is very much larger than the dimen- 
sions of the latter. This hypothesis makes it possible to ar- 
rive at a uasi-static" approximation for describing thg elec- 

- grad cp and makes it possible to reduce the electromagnetic to 
an electrostatic problem for satisfactory description of this 
field in the close vicinity of the probe, and consequently, to 
derive the h-f current corresponding to the h-f voltage applied. 

motion of the ions is negligible in relation to that of the 
electrons and that only the latter contribute to the resonance 
effects. In order to obtain an approximate solution of the pro- 
blem, we shall consider the plasma as cold and describe it by 
its equivalent permittivity which permits a sufficiently accu- 
rate description of the dominant effects. Since we are in the 
presence of two problems of electrostatics under these conditions, 
we must first solve the Poisson equation in order to obtain the 
profile of electron density Ne around the probe and subsequently 
treat the electromagnetic problem in this medium by a "quasi- 
static" approximation. This can be done easily only for the 
simple probe geometry. 
of natural coordinates of the arrangement under consideration 
which will easily express the limit conditions. 

tric field "3 around the probe. This amounts to stating E = 

We also assume that, in the plasma under consideration, the h-f - / 6  

It is then possible to utilize a system 

The numerical solution of the Poisson equation for deter- 
mining the density profile in the sheath has been given by sev- 
eral authors for the plane, cylindrical and spherical geometry 
on the basis of certain simplifying hypotheses on ion motion [20 ,  
21, 22, 231. It appears that the electron density decreases very 
rapidly at a very short distance from the probe and becomes very 
low in the immediate vicinity of the latter. This fact allows 
us to approach the continuous variati, 
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us to approach the continuous variation o f  density by a discon- 
tinuous variation in order to obtain an analytical solution of 
the h-f problem. We shall suppose that, in the sheath, the 
electron density is negligible and that, outside of the sheath, 
it has the value Ne0 corresponding to the non-disturbed plasma. 
The thickness of the sheath will be estimated from the numerical 
solution of the Poisson equation by defining the sheath-plasma 
boundary by the condition Ne = Neo/2. 

- /7 The h-f field is assumed to have the form e-iut, and can 
then be obtained by solving the Laplace equation in the media 
considered with adequate expression of the limit conditions 
( @  = @ o  on the probe; @ = 0 to m; continuity of potential and 
of the component of the electric-shift vector normal to the 
boundary surface sheath-plasma). We must therefore select, for 
the h-f resonator consisting of the system of probe, sheath and 
plasma, a geometry making it easily possible to express these 
conditions (accordingly, a plane probe constituted by a disc 
will be assimilated to a flattened spheroid and a sylindrical 
probe to an elongated spheroid). 

a) Solution of h-f Problem 

We shall discuss in detail only the spherical probe. The 
reader will find in [14] the calculations for the plane and 
cylindrical case which are treated identically. We shall here 
neglect the effects due to reflection of electrons from the 
sheath and assume that only scattering results from collision. 

Let a be the radius of the 
probe and b = a + g that of the 
sheath. Our system of spherical 
coordinates r, 8, 4 will be cen- 
tered in the center of the probe. 
The permittivity of the sheath, 
assumed to be empty, will be E ~ ;  

that of the plasma surrounding 
FP and assumed to be homogenous 
and isotropic, shall be such that Fig. 1 

I 

where I, is the frequency of 
collision. 

The different media are assumed to be electrically neutral 
so that the Poisson equation is reduced to that of Laplace and 
we can write in spherical coordinates (with 6 6 - by reason 

/8 _. 

of symmetry); . E--- 
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The h-f solution in media (1) and 1 2 ) w i l . 1  be: 

The limit conditions in r = a and r = b give the relations 

A + B - = @I (h-f potential applied to the probe)' 
a 
B c  
b 6 (continuity of potential in r = b) 

( - eeB=-$,, g2 
(continuity of the normal component 
of shift D = E E in r = b) 

i 3 )  

and make it possible to fully solve the problem. 

Specifically, the density of the h-f current collected by 
A 

the probe is given by 

Accordingly, it appears that, when v / w < <  1, JHF passes through 
a maximum for w = W R <  w p  as given by 

and through a minimum for w = u p .  
of JHF with frequency is shown 
in Fig. 2 (for v = 0). 

The general rate of variation 

The maximum value of JHF 
which is infinite in the ab- 
sence of collision, is a func- 
tion of this in accordance 
with the following approxi- 
mate relation: 

Fig. 2 

*For a plane or cylindrical probe, the findings obtained are 
analogous [14]; the h-f current passes through a maximum for 
WR = wpe  (with 0.c e . c l )  where 0 is a function on ly  of the system 
geometry, and through a minimum for WA = u p .  
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b) So lu t ion  of the Problem of Direct Cur ren t  o f  t h e  Probe 

$= ne (xThnny. 

W e  know t h a t  the classic theory of  t h e  Langmuir probe 
l e a d s  t o  t h e  fo l lowins  r e l a t i o n  f o r  t h e  d e n s i t y  of t h e  elec- 

I '= d e n s i t y  of t h e  e l e c t r o n i c -  
s a t u r a t i o n  c u r r e n t .  

t r o n i c  c u r r e n t  collected by t h e  probe a t  
Vo i n  r e l a t i o n  t o  t h e  plasma p o t e n t i a l  

_ *  --- 
where I( i s  t h e  Boltzmann cons t an t  and 

i.e. 

a n e g a t i v e  p o t e n t i a l  

1 ( 7 )  

I f  w e  superpose,  on t h e  d i r e c t  p o t e n t i a l  Vo, an a c - p o t e n t i a l  
t hen  t h e  mean value i n  t i m e  of t h e  e l e c t r o n i c  c u r r e n t  6cPgsinwt , 

r each ing  t h e  probe i s  g iven ,  neg lec t ing  t h e  t r a n s i t  t i m e  of t h e  
e l e c t r o n s  i n  t h e  sheath,  by 

m 

w i t h  T =  2a 
w '  
- 

where Io (x )  i s  the  modified Bessel f u n c t i o n  of t h e  f i r s t  k ind  and 
of z e r o  order. 

/10 With Boschi and M a g i s t r e l l i  [ 2 4 ] ,  w e  are assuming t h a t  t h e  
plasma i s  n o t  d i s t u r b e d  u n t i l  t h e  boundary of t h e  shea th  i n  
which t h e  p o t e n t i a l  d i f f e r e n c e  Vo + 6cP s inwt  e x i s t s .  Accordinly,  
w e  must c a l c u l a t e  on t h e  %asis of t h e  s o l u t i o n  of  

t h e  h-f problem and w i l l  then  ob ta in .  
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It will be easily seen that only this difference of potential 
is subject to the effects of resonance and antiresonance, for 
the same reason as the current JHF evaluated above, and that 
WR and WA are the same for both parameters. 

=IF+ I A series of development of I ' < L )  appears in (19) and 
O xz 

leads through increase 6&=srcJs of the direct current of the 
probe to the expression 

i i l j  

where Je is given by (7) when e l  f+>l/k.<d 
face of the probe. (9) shows that, for sufficiently negative 
polarization, je tends toward zero as well as 61cc given by (11). 
The rate of variation of &Ic, as a function of w / w p  for a given 
sheath thickness and de- ..-- - 1  
rived from Rel. (13 is 
shown in Fig. 3 .  normalized 

When we utilize Rel. 
(lO)and(lq, it is easy to 
see that: 

1) the ratio of R 
of the amplitude of the 
peak of resonance to 
that of &Icc or w+O is 
given by the expression 

and S is the sur- 

Fig. 3 

which allows us to derive the frequency of collision v as a func- 
tion of up and the thickness of the sheath. 
the parameter , (10) is written as 

When we introduce 



L 

When v <  WR< u p ,  then the square of the modulus of this function 
has a maximum for w P WR. The value of this maximum is 

and is an expression identical to (12); 

2) the ratio varies as a function of sheath thickness g 
(and consequently as a fucztion of direct plarization Vo) and 
passes through a maximum for a well defined value of g [161. 
The maximum R is reached for (3a 35 

, -- . 

and amounts to 
ElAX 

which corresponds to a sheath thickness g = b - a I a/2. 

When W R <  v,  the maximum disappears. The module of Function 
(13)is then on the order of uR/v in w = WR. 
longer exists. 

Resonance then no 

Fig. 16 gives the rate of the module of (13) for six val- 
ues of O R / W ~ .  We see that the relative amplitude of the reso- 
nance decreases when IVo I increases (thick sheath: URjOA) and 
when I Vo I +o (the sheath disappears) . 

Formula (15) makes possible in principle direct measure- /12 
ment of wp and Rel.(l4)shows that measurement of Rmax allows 
us to determine the frequency of collision v .  It should be 
noted that there exists in principle another way of liberating 
ourselves from knowledge of the sheath, i.e. by utilizing two 
different probes [12] or the same probe with several polariza- 
tions. 
the findings of [151. 

We then proceed by successive approximation in using 

c) Non-Collision Effects 

Two types of non-collision phenomena may profoundly modify 
the amplitude of resonance, to wit: (a) reflection of the 
electrons from the sheath which produces a mixture of energy- 
dissipating phases and reduces h-f resonance, i.e. JHF given by 
( 4 )  and 6Gg given by (10) as w e l l  as subsequently direct reso- 
nance, i.e. 6 IC, given by (11) ; (b) the transit time of the 
electrons in the sheath whose phases intermix and produce a 
decrease of direct resonance characterized by 61cc. Under our 
experimental conditions, these phenomena were generally of lit- 
tle importance as shown in a simplified theoretical study [17]. 
However, a systematic experimental investigation of these ef- 
fects is under way. 

8 



3. Experimental Verification 

a) Experimental Arrangement 

We utilized a diffusion plasma of mercury vapor produced 
by two lateral discharges in a sealed spherical balloon of 
pyrex with a diameter of 30 cm. The lateral discharges are 
contained each in a lateral "ear"' of the balloon arranged at 
the sides and have the same diameter (cf. Fig. 4 ) .  Each is 
constituted by a barium and strontium-coated filament (heated 
to 8000 C by rectified current) and by a cylindrical nickel 
plate with a diameter of 4 cam surrounding the filament. 
Heated in parallel the two filaments are brought to nagative 
dc voltage in relation to the plates. The plate current is 
controlled by a rheostat and the feed voltage. Accordingly, 
the discharge current in each ear can be adjusted independently 
between zero and 2.5 A. An anode-filament voltage of some 10 V 
is necessary to initiate the discharge. 

- /13 

Since both discharges are radial, the plasma entering the 
balloon is a diffusion plasma where the arrangement of the fila- 
ment and the plates produces an electric field perpendicular to 
the direction of penetration in the balloon and here provides 
for a quasi-Maxwell distribution of the electrons in the range 
of the discharges utilized. 

A spherical probe of stainless steel with a radius of 2 cm. 
is located in the center of the balloon and supported by the 
center rod of a coaxial in such fashion that the h-f signal is 
applied to the plasma only through the spherical surface of the 
probe. 
pyrex tube. 

The driving coaxial is insulated from the plasma by a 

Two additional cylindrical probes have been provided, one 
at half-radius and the other toward the wall of the balloon for 
secondary controls. A nickel grid was also inserted at the out- 
put end of one of the ears in order to make the plasma as sym- 
metrical as possible in the balloon. 

Prior to sealing, the balloon was exhausted by prolonged 
vacuum pumping during which the thermionic cathodes were acti- 
vated in customary manner. At a residual pressure of about 
10-6 nun. Hg, a few drops of mercury were introduced in the 
balloon and the latter sealed. Accordingly, the pressure in 
the balloon is equal to that of the mercury-vapor tension at 
ambient teEperatare [25!. 

'/14 

Toward 150 C when pressure is on the order of a micron, 
the number of neutral molecules in the balloon is about 3.9 x 
1013 per cm.3 and the mean free path of "neutral neutrons"' and 
"neutral electrons" is on the order of a few cm. and varies in- 
versely to pressure. Measurement of electron density and plasma 
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temperature obtained with different discharge currents was made 
by the static method of the classic Langmuir probe and compared 
with the h-f method. The "static" measurements were made by 
applying to the spherical probe a variable potential furnished 
by a battery and by recording the resulting probe current on an 
XY-recorder. 
means of a stepdown potentiometer. 

The variation of tension was made manually by 

The 'lh-f" measurements were made with the aid of a Wobbula- 
tor with a sweep between zero and 80 Mc/s at a rate o f  50 times 
per second. The signal of the Wobbulator was anplified by two 
wide-band amplifiers in order to obtain a h-f voltage between 
2 and 3 V. The spherical probe was energized by h-f across an 
impedance transformer of the type "cathode follower" and the 
high-frequency current measured by radiation with the aid of a 
loop antenna around the balloon. The h-f voltage induced in 
the loop was read from an oscilloscope after previous amplifi- 
cation by an appropriateH%lide wire, 

The direct current of the probe passes through the polar- /15 
ization cell and is applied across a resistor and a capacitor to 
a wide-band low-frequency slide wire of the above oscilloscope 
and displayed on the second time base of the latter. This made 
it possible to simultaneously obtain the variation of JHF and of 
&Icc, as a function of the frequency applied, for each value of 
the discharges. The experimental arrangement is shown in Fig. 4 .  

b) Static Measurements 

1. The Theory of the Langmuir Probe [26] 

The current I collected by an electrode submerged in a 
plasma and polarized at a variable static potential Vo (Vo = 0 
corresponding to the plasma potential) is the sum of the elec- 
tronic (Ie) and ionic (Ii) currents where we can distinguish 
the characteristics I, = f (Vo) and Ii = f (Vo). 

(i) - Electronic Characteristic 
If the elekrons are in thermodynamic equilibrium at temper- 

ature Te, and Vo 6 0, we have 

and Rel.17)for the density of the electric current reaching the 
probe. When Vo > 0, Je no longer obeys rule 7 but increases 
slightly with Vo (formation of an electronic sheath and increase 
of the effective surface of electron collection). From the 
representation of log I, = f(Vo), we can determine Te, Ne, and 

10 



c 

the plasma potential Vo = 0. 
fined for IIi I = [Ie[. 

The floating potential Vw is de- 

- /I6 (ii) - Ionic Characteristic 
When Vo .< 0, the ions are no longer characterized by a 

Maxwell distribution around the probeand fall freely on the 
latter to form a positive space charge characterizing the sheath. 
It is assumed that the mean free path of the ion is always large 
in relation to the thickness of the sheath. 
icn current Ii and the strrr-+* uLLc.re cf the sheath can be obtained 
only by numerical solution of the Poisson equation 

In general, the 

where V = potential in the plasma (= Vo on the probe). 

was given in [15]. In the following, we utilize the numerical 
results based on the theories of Allen, Boyd and Reynolds [211 
and Bernstein and Rabinowitz [ 2 0 ]  where thermal excitation of 
the ions is neglected. Let us note that our experimental re- 
sults also afford an indirect verification of these theories. 
For a spherical probe, the Poisson equation presents itself in 
the short form 

A detailed review of the hypotheses and methods of solution 

or 

Chen [15] gives the numerical solution of this equation in the 
form of a system of curves (Figs. 5 ,  6) which expresses the re- 
lation between Ii, v, *e and the distance r from the center of 

distance and the thickness of the sheath. 
the probe. We utilized this diagram for determining the Debye - /I7 

Determination of AD: for a given potential of the probe V, 
we calculate q since Te is already known from the electronic 
characteristic. Ii is measured and J derived from this. On the 
graphic, we read the value of 5 corresponding to r = a, radius 
of the probe, 
same value of 
value of VQ. 
approximatlon 

which furnishes AD. In principle, we find the 
A D  if we repeat the operation for a different 
If Te is not known, we must proceed by successive 
for several values of V. 

11 



Determination of g: adopting the hypothesis of Ref. 14, 

For the same J as above, 
we define the sheath-plasma boundary by the condition Ne = 
Neo/2 which corresponds to II = 0.7. 
we then obtain the value of 5 corresponding to r = a + g, 
radius of the sheath. Evidently, the thickness g of the sheath 
depends on the .polarization V, of the probe. 
that the theory of Bernstein and Rabinowitz 1201 assumes that 
the probe radius is greater than a certain critical value below 
which certain particles would be "trapped" in the vicinity of 
the probe. 

It should be noted I 

2. Experimental Findings of Static Measurements 

We utilized the same central spherical probe to plot the 
Langmuir characteristics in a rather large range of discharges 
Id between 55 mA below which the discharge is extinguished to 
700 mA (above which the distribution of the plasma in the 
balloon is less homogenous). All these characteristics have 
the rate of those shown in Fig. 7 ,  with very sharp saturation 
bends. Determined from the logarithmic slope after deducting 
the ion current, the temperature varies between 3,200 and 
4,6000 K. The plasma potential varies between -10 and - 7 V /18 
from the anode utilized to establish a reference potential for 
the plasma (which is permissible in view of the large surface 
of contact between this electrode and the plasma [241). Between 
55 and 700 mA, the density varies very uniformly between 4 x lo5 
and 6 . 4  x lo7 electron/cm.3. The Debye distance was determined 
from these electronic and ionic characteristics. There exists 
excellent agreement above 400 mA but a rather marked divergence 
below 200 mA with as much as a factor of 2.5 for the very weak 
discharges. Fig. 8 summarizes the results obtained by static 
measurement. 

- 

c) h-f Measurements 

We made the following verifications of the theory of the 
resonance probe: 

1) resonance and antiresonance of IHF and &Icc occur 
generally for identical frequencies. We see in Fig. 9 to 12 
that the trace of the experimental curves corresponds to the 
theoretical expectations. We further verified that, for a 
given density Neo, only the resonance frequency shifts when the 
polarization Vo varies (cf. Figs. 9 to 12). Table I shows the 
typical results. 
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N = 2,75 .107  el/cA 1 N = 3,50.10'  e1/cm3 = 5.107 el/on 3 
eo eo 

47 MHz 
d' 7.7 V 23 

2 , l  v 20- BImZ 2 v  2 0 m  6oM-k 
3 , 8  20,8 do 4 23, 5 do 
5 21.9 d' 7 26 d' 

€ I 

7 124.1 d' I I I 

Table I 

2)  an t i r e sonance  i s  manifested f o r  w4 = - /I9 
compares t h e  d e n s i t y  t h u s  c a l c u l a t e d  wi th  t h a t  
Langmuir probe. The d i f f e r e n c e  between t h e  t w o  methods is  less 
than  1%. 

3 )  s a t i s f a c t o r y  agreement e x i s t s  between t h e  t h i c k n e s s  
o f  t h e  SkeLb g e s t ima ted  from t h e  curves  o f  Ref. 15  and t h a t  
c a l c u l a t e d  from t h e  value o f  t h e  resonance and an t i r e sonance  
frequency (Fig.  13). Accordingly, ou r  f i n d i n g s  show t h a t  t h e  
r e s u l t s  deduced from t h e  theory of R e f .  20 and from that  of the 
resonance probe concur and j u s t i f y  t h e  approximation u t i l i z e d  
by assuming t h e  sheath-plasma boundary de f ined  by Ne=Ne0/2.  
F ig .  1 4  shows i n  a d d i t i o n  t h e  i n f l u e n c e  of  d e n s i t y  and of  pola-  
r i z a t i o n  Vo on t h e  th i ckness  of t h e  s h e a t h  de r ived  from t h e  h-f 
measurements. 

4 )  t h e  va lues  of c o l l i s i o n  frequency v c a l c u l a t e d  from 
R through R e l .  1 2  w e r e  compared t o  t h o s e  de r ived  from t h e  d a t a  
o f  d i r e c t  measurement of t h e  e f f e c t i v e  cross s e c t i o n  of c o l l i s i o n  
g iven  by R e f .  27 .  F ig .  15  mani fes t s  s a t i s f a c t o r y  agreement. 
Using t h e  curves  g iven  i n  Ref. 27 is r a t h e r  imprec ise  i n  view of 
t h e  r a p i d  v a r i a t i o n  of t h e  e f f e c t i v e  cross s e c t i o n  of e l e c t r o n  
c o l l i s i o n  i n  mercury as a func t ion  of energy a t  l o w  e n e r g i e s .  

5) w e  v e r i f i e d  t h a t  t h e  r a t i o  R does pass  through a 
maximum w i t h  t h e  ampli tude of  resonance tending  toward zero  when 
Vo becomes very nega t ive  o r  on t h e  c o n t r a r y ,  when Vo -+ 0 .  The 

maximum i s  a c t u a l l y  l o c a t e d  i n 3  P f o r  c3 d i scha rges  below 
-4 

150mA. For s t r o n g e r  d ischarges ,  w e  w e r e  no t  a b l e  t o  v e r i f y  
Formula 15  because,  i n  o r d e r  t o  a t t a i n  a s h e a t h  th i ckness  g= 
a/2, a p o l a r i z a t i o n  w a s  requi red  such t h a t  t h e  probe c u r r e n t  
would have been t o o  weak f o r  reading.  

13 



. 

6 )  by vary ing ,  f o r  a given va lue  of  V and Ne,, t h e  
amplitude of t h e  h-f s i g n a l  ( O 0 )  , w e  found &a t  

and t h a t  & <c 
( c f .  F ig .  10). 

It; up t o  va lues  of I4Jcomparable t o  
-- - 

4. 
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